ABSTRACT This study investigated the efficacy of two GRAS (generally regarded as safe)-status, plant-derived antimicrobials (PDAs), namely transcinnamaldehyde (TC) and eugenol (EUG) applied as a fumigation treatment in reducing SE on embryonated egg shells. Egg shells of day-old embryonated eggs were spot inoculated with a 4-strain mixture of SE (∼6.5 log CFU/egg) and subjected to fumigation with the aforementioned PDAs (0 or 1% concentration) for 20 minutes in a hatching incubator. SE on the shell and embryo was enumerated on days 1, 3, 6, 9, 13, 16 and 18. On day 13, the eggs were re-inoculated, followed by fumigation treatment for 20 minutes. Since the two PDAs were dissolved in ethanol (final concentration 0.04%), eggs fumigated with ethanol were included as a control.
INTRODUCTION
Hatchery sanitation is essential to ensure chick quality as the poultry hatch environment can be contaminated with a variety of bacteria, especially Salmonellae (Lock et al., 1992; Bruce and Drysdale, 1994; Cox et al., 1999) . Salmonella enterica serovar Enteritidis (SE), the most common serotype contaminating eggs (Braden, 2006 ) is transmitted to humans largely due to the consumption of infected eggs (Mead et al., 1999) . It is also the most frequently isolated Salmonella from chickens, especially layer flocks (Baird-Parker, 1990; Gast et al., 2005) . Moreover, the presence of Salmonellae in/on fertile eggs has been identified as a critical link to Salmonella contamination of hatching chicks. The primary colonization site of SE in chickens is the ceca (Allen-Vercoe and Woodward, 1999; Stern, 2008) , with cecal carriage of the pathogen leading to transmission of the organism via contaminated eggs from infected ovaries, or contaminated eggshell with feces C 2015 Poultry Science Association Inc. Received January 14, 2015 . Accepted March 17, 2015 Corresponding author: kumar.venkitanarayanan@uconn.edu (Keller et al., 1995; Gantois et al., 2009 ). In the former case, contamination of egg contents (yolk, albumen, and eggshell membranes) by SE occurs before oviposition (Miyamoto et al., 1997; Okamura et al., 2001) , where Salmonella originating from infected ovaries invades and multiplies in the pre-ovulatory follicles of the reproductive tract (Thiagarajan et al., 1994 (Thiagarajan et al., , 1996 . In the latter, SE contamination results from bacterial penetration through the eggshell from contact with feces infected with the pathogen during or after oviposition (Barrow and Lovell, 1991; Gast and Beard 1990; Messens et al., 2006) . Trans-shell contamination of eggs with SE may occur through environmental sources such as farmers, pets, rodents, contaminated feed, litter, and water (Jones et al., 1995; Latimer et al., 2002) . In the case of fertile eggs, eggshell contamination can occur from hatching cabinets, grow-out facilities, and personnel handling vaccination and other standard procedures, including shipment (Poppe, 1999; Mayes and Takeballi, 1983) . Since the invading bacteria do not decompose the egg, the infected chick hatching from contaminated eggs could potentially serve as an extensive bacterial reservoir in commercial hatcheries (Maclaury and Moran, 1959; Cox et al., 2000) . Additionally, since chicks are more susceptible to infection by SE, effective 1685 egg surface disinfection in the hatching environment is critical for ensuring chick quality and microbiological safety. This is especially significant in light of the annual hatching egg production reaching more than a billion in the United States (USDA, 2014) .
Although formaldehyde fumigation of hatching eggs for disinfection was routinely employed by the poultry industry, adverse health effects associated with the use of formaldehyde triggered the search for alternate egg sanitizers in hatcheries (Cox et al., 1999) . These include a variety of disinfectants such as chlorine and iodinebased sanitizers (Knape et al., 1999) , chlorine dioxide (Patterson et al., 1990) , hydrogen peroxide (Padron, 1995) , ozone (Koidis et al., 2000) , quaternary ammonium compounds (Wang and Slavik, 1998) , sodium hydroxide (Olsen and Mcnally, 1947) , and electrolyzed oxidizing water (Russel, 2003) . However, many of the aforementioned chemicals were shown to possess limited efficacy, and did not render eggs pathogen-free (Moats, 1978; Wang and Slavik, 1998) .
The use of natural antimicrobial molecules for inactivating pathogenic microorganisms has received renewed attention due to toxicity concerns of synthetic chemicals (Salamci et al., 2007; Isman, 2000) . Plants are capable of synthesizing a large number of molecules, many of which are phenolic compounds or their derivatives (Geissman, 1963) . Trans-cinnamaldehyde (TC) is an aldehyde present as a major component of bark extract of cinnamon (Cinnamomum zeylandicum). Eugenol (EUG) is an active ingredient in the oil obtained from cloves (Eugenia caryophillis). The aforementioned molecules are classified by the United States Food and Drug Administration as GRAS (generally regarded as safe) (Adams et al., 2004 (Adams et al., , 2005 Knowles et al., 2005) . Previous research conducted in our laboratory has shown that several plant-derived antimicrobials (PDAs), including TC and EUG, were effective in inactivating SE and Campylobacter jejuni in chicken cecal contents in vitro (Kollanoor Johny et al., 2010) , and significantly reducing SE colonization in young and market-age broiler chickens (Kollanoor Johny et al., 2012) . The two PDAs were also found to be effective as an antimicrobial wash treatment for rapidly decreasing SE on table eggs (Upadhyaya et al., 2013) . The objective of the present study was to investigate the efficacy of TC and EUG as fumigating agents to reduce SE on embryonated egg shell incubated under hatching environment.
MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
Four isolates of SE pre-induced for resistance to 50 μg/ml of nalidixic acid (NA; catalogue no. N4382, Sigma-Aldrich, St. Louis, MO) were used for the study. The strains included SE 12 (chicken liver, phage type 14b), SE 22 (chicken intestine, phage type 8), SE 28 (chicken ovary, phage type 13a) and SE 31 (chicken gut, phage type 13a). Each strain was cultured separately in 10 ml of tryptic soy broth (TSB; Difco, Becton Dickinson, Sparks, MD) containing 50 μg/ml NA, and incubated at 37
• C for 24 h. After three passages, equal volumes of the cultures were combined and sedimented by centrifugation (3600 g for 15 minutes at 4
• C). The pellet was washed twice, re-suspended in phosphate buffered saline (PBS; pH 7.0), and used as the inoculum. The bacterial population in the individual cultures and the 4-strain mixture was confirmed by plating 0.1 ml proportions of appropriate dilutions on tryptic soy agar (TSA+NA, Difco) containing 50 μg/ml NA and xylose lysine desoxycholate agar (XLD+NA; Difco) containing 50 μg/ml NA, and incubating the plates at 37
• C for 24 h (Kollanoor Johny et al., 2010) .
Preparation and Inoculation of Eggs
Freshly laid fertile eggs from single-comb White Leghorn layer chickens were obtained from the University of Connecticut poultry farm. Eggs were transported to the laboratory one day prior to treatment, and incubated by placing in a thermostat incubator (2362N hova-bator, GQF Manufacturing Company Inc., GA) with automatic egg turner (1611 egg turner with 6 universal racks, GQF Manufacturing Company Inc.) for 10-12 h at 37.8
• C and 55% relative humidity. The eggs were then inoculated on day 1 by spot inoculation (Jin et al., 2013) with ∼6.5 log CFU/egg of the 4-strain SE mixture, and re-inoculated on day 13 to simulate hatching egg re-contamination from equipment (Poppe, 1999) . The eggs were dried in the hova-bator for 30 minutes at 37.8
• C before applying the treatments.
Fumigation Treatment with TC and EUG and Determination of SE
Following inoculation and drying, the eggs were subjected to fumigation with 1% TC (99% purity, Sigma Aldrich) and 1% EUG (99% purity, Sigma Aldrich, TC and EUG dissolved in 0.04% ethanol, vol/vol) for 20 minutes (Garip and Dere, 2011) on day 1 and day 13 of incubation using a commercial fumigator (Bell and Howell, IL). The treatment concentration of 1% TC and EG was selected based on preliminary experiments, wherein a range of concentrations was tested for their efficacy in reducing SE on eggs. The lowest concentration of each PDA that reduced more than 3 log CFU/egg of SE on egg shell with the first application was (1% TC and EUG) used for further study. A nontreated control (baseline), distilled water control and ethanol (0.04%) control were also included. After treatment, four eggs per group were transferred to a sterile stomacher bag containing 30 ml of D/E neutralizing broth (Fisher Scientific), and gently rubbed by hand for 1 minutes (Park et al., 2005) . The surviving SE on eggs was enumerated by plating the neutralizing broth directly or after 10-fold serial dilutions on XLD+NA and TSA+NA plates. The plates were incubated at 37
• C for 48 h before counting the colonies. One ml aliquots of the neutralizing broth were also added to 50 ml of selenite cysteine broth (SCB; Difco) and enriched at 37
• C for 48 h. The culture was streaked on XLD+NA plates and incubated at 37
• C for 48 h. Representative bacterial colonies from the XLD+NA plates were confirmed as SE using the Salmonella rapid detection kit (Microgen Bioproducts Ltd, Camberley, UK).
On days 1, 3, 6, 9, 13, 16, and 18, the eggs washed in neutralizing broth were disinfected by wiping with 70% ethanol, dried, cracked open aseptically, and egg contents/embryo were collected into separate, stomacher bags containing 30 ml of neutralizing broth. The bags with the eggs contents or embryo were homogenized for 1 min in a stomacher, and incubated at 37
• C for 24-48 h to detect Salmonella present inside the egg. The bacterial colonies were confirmed as SE as described previously.
Statistical Analysis
Four eggs per treatment at every sampling point were included in the replicated experiments (n = 8). Each experiment was a completely randomized design (CRD) in a 2 × 4 × 7 factorial treatment structure, with 2 compounds (EUG, TC), 4 treatments (baseline, ethanol control, 0%, and 1% of respective compounds) and 7 time points (day 1, 3, 6, 9, 13, 16, and 18). The data were analyzed using PROC-MIXED procedure of the Statistical Analysis Software (SAS Institute, Inc., Cary, N.C.). Differences among means were detected at P < 0.05 using the Fisher's least significant difference test with appropriate corrections for multiple comparisons.
RESULTS AND DISCUSSION
Laying and breeding flocks are considered as a critical link between systemic SE infection in birds and human foodborne outbreaks due to contaminated eggs (Altekruse et al., 1993) . In natural infections, around 0.6% of eggs laid by infected breeding flocks are reported to be internally contaminated with SE (Humphrey et al., 1991) . In addition, contaminated environment in the surroundings of the eggs, including litter, nest box, hatchery environment or hatchery truck can result in bacterial contamination of egg shell (Gantois et al., 2009) . Salmonella can penetrate the shell and membranes of hatching eggs, and contaminate the developing embryo (Lock et al., 1992; Cox et al., 1999; Bruce and Drysdale, 1994) . Moreover, transovarian transmission of SE leads to contamination of newly formed fertile eggs, thereby adversely affecting the hatchability and/or infecting hatching chicks (De Buck et al., 2004) . Since Salmonella have the ability to persist for long periods of time in commercial hatcheries (Cox et al., 2000; Berrang et al., 1997) , controlling SE contamination of hatching eggs and day-old chicks from infected breeding flocks is crucial to successful hatchery operations (Samberg and Meroz, 1995) .
In the current study, we investigated the efficacy of two PDAs, namely TC and EUG as fumigation agents in reducing SE on embryonated eggs (shell and embryo). Since the two PDAs were dissolved in ethanol before use, we included eggs fumigated with ethanol as a control, in addition to water control. However, no differences in SE counts were observed between ethanol and water controls (P > 0.05); the results from ethanol control are compared with TC and EUG treatments in the manuscript. Since Salmonella contamination can occur when the eggs are set, and re-infection potentially occurs during incubation from contaminated incubator (Hassan et al., 1991; Wilson, 1989) , the eggshells were inoculated with SE on day 1 followed by re-inoculation on day 13. The eggs were subjected fumigation with 1% TC or EUG was for 20 minutes to simulate a commercial hatchery setting of formaldehyde fumigation (Garip and Dere, 2011) . The inactivation of on SE on the shell of embryonated eggs during 18 days of incubation is depicted in Figure 1 . The average SE count recovered from Figure 1 . Efficacy of fumigation treatment with TC and EUG in reducing SE on eggshell of embryonated eggs. A water control and an ethanol control (0.04%) under similar experimental conditions were also tested. Four eggs per treatment per sampling point (day 1, 3, 6, 9, 13, 16 and 18) were included, and the experiment was repeated two times. The differences between the means were compared at a significance level of 5%. Error bars represent SEM (n = 8). 1, 3, 6 , 9, 13, 16 and 18) were included, and the experiment was repeated two times. The differences between the means were compared at a significance level of 5%. Error bars represent SEM (n = 8).
untreated eggs after first inoculation on day 1 (baseline) was ∼6.0 log CFU/egg. Eggs fumigated with ethanol control had an average SE count of ∼5.2 log CFU/egg on the shell on day 1. There were no significant differences between SE count on eggshells subjected to water and ethanol fumigation at any of the time points (P > 0.05). However, fumigation of eggs with 1% TC reduced the pathogen on eggshell to undetectable levels on day 1, and these eggs consistently tested negative for the pathogen on the shell (by plating and enrichment) throughout the subsequent sampling points (day 3, 6 and 9) until re-inoculation (Figure 1 ). Although ethanol fumigation was unable to significantly reduce SE when compared to TC on day 1, it reduced the pathogen count on day 3 to 1 log CFU/egg, and these eggs tested negative for SE (by enrichment) on days 6 and 9 similar to TC treatment (P > 0.05). Similarly, EUG at 1% decreased SE on eggshells by ∼3.5 log CFU/egg on day 1. On days 6 and 9, there was no significant difference between SE counts recovered from eggs fumigated with water, ethanol, TC or EUG (P > 0.05) (Figure 1) .
After re-inoculation on day 13, the eggs were refumigated for 20 minutes. The shell of control eggs yielded a SE count of 5.5 log CFU/egg (Figure 1 ) when compared to TC, which reduced the pathogen population to 1.8 log CFU/egg (Figure 1) . Similarly, fumigation with EUG decreased SE counts on eggshells to 2.5 log CFU/egg on day 13 (Figure 1) . The eggs fumigated with ethanol were SE positive on shell until day 18, however, no pathogen was detected on eggs subjected to TC and EUG treatment (negative by plating and enrichment). Since the fumigation effect of TC and EUG dissolved in a solvent other than ethanol was not determined, the anti-Salmonella effect observed in this study may be due to a synergism between the PDAs and ethanol.
The transmission of SE from eggshell to embryo due to bacterial penetration of the shell membranes is one of the major causes of contamination in hatching chicks and subsequent SE persistence in the flock (Cox et al., 2000) . The effect of 1% TC or EUG fumigation on SE counts in the embryos of fertile eggs until 18 days of incubation is shown in Figure 2 . Fumigation with ethanol yielded ∼2 log CFU/egg counts of SE on day 1 and 1 log CFU/egg on day 3 in the chick embryo. However, TC and EUG decreased SE in the embryo from egg surface to 1 log CFU/egg on day 1, and to undetectable levels (negative by enrichment) at all the subsequent time points until re-inoculation (P < 0.05). After reinoculation and fumigation on day 13, the embryos of eggs subjected to water, ethanol, EUG and TC fumigations yielded a SE count of ∼3.5 log, 1.5 log and 1 log CFU/egg, respectively. On day 18, the embryos of eggs subjected to ethanol fumigation yielded 1 log CFU/egg of SE, but TC and EUG decreased the pathogen to undetectable levels (negative by plating and enrichment) (Figure 2) . Fumigation of eggs with TC was generally more effective than EUG in decreasing SE counts both on eggshell (day 1, 3, 13 and 16) and embryo (day 13 and 16). These results suggest that the reduction in SE counts observed in the embryos is likely due to the decreased surface counts, which in turn resulted in reduced internalization of the pathogen.
The exact mechanisms of action of TC and EUG on bacteria are not clearly understood, however, several hypotheses have been suggested to explain the mode of their antimicrobial activity. A critical property of essential oils or their components is that they are lipophilic, which helps them to target the bacterial lipid cell membrane and mitochondria (Sikkema et al., 1994; Burt, 2004) . Also, these molecules can damage bacterial membrane proteins, deplete the proton motive force (Gill and Holley, 2004) , coagulate cytoplasm and cause leakage of cell contents (Sikkema et al., 1994; Ultee et al., 1999) , thereby killing bacteria.
Although TC and EUG have been investigated as an antimicrobial wash treatment for reducing SE on table eggs (Upadhyaya et al., 2013) , this manuscript reports the first study evaluating their efficacy as fumigation agents against SE on embryonated egg-shells. The fumigation of eggs with TC or EUG produced no visible differences in shell color or consistency compared to control eggs, however, follow up studies on the quality characteristics of eggs, including hatchability are necessary before recommending their use.
